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Abstract 
Magnesium alloy shows great potential in medical devices such as wound closing devices, bone 
grafts and cardiovascular stents owing to its mechanical and biodegradable properties. However, its 
clinical applications are limited due to its biocompatibility and rapid corrosion. Since material 
corrosion and biocompatibility can be categorized under surface properties of biomaterials, this 
study employed a surface modification method to fabricate new alloys. Reinforcement of 
magnesium alloys with powders have engineered a new type of material regarded as metal matrix 
composites. 
Friction Stir processing method was used in this study to fabricate AZ31 magnesium alloy. The Mg 
alloys were reinforced with four different powders (i.e. Fly Ash, Palm Kernel Shell Ash, Ti- 6Al-
4V and 304 Stainless steel powders) to try to improve the acute corrosion resistance and also other 
mechanical properties such as hardness, tensile property and wear performance of the fabricated 
composites. The result shows that particle reinforcement of magnesium alloy has much influence on 
the corrosion rate and wear behavior when compared with the unreinforced AZ31 Magnesium alloy. 
304 stainless steel serves as the best reinforcement among the reinforcements used in this study, 
offering the highest corrosion resistance of 0.2020mm/year, good wear resistance and higher tensile 
strength of 454.18MPa. 
Therefore, this study may offer insight on obtaining both corrosion resistance and biocompatibility at 
the same time on the magnesium alloy, which may extend their potential applications in biomaterials 
and biomedical devices. 
Keywords: Composites, Magnesium, Mechanical Properties, Medical Applications 
Introduction 
The recent development of biomaterials have contributed significantly to the use of orthopedic 
surgery to replace joints and also fix fractures. The state of health and wellness of mankind have 
been improved with biomaterials, injuries such as strains, fractures and dislocations are commonly 
experienced by human bodies[1]. Fractures occur when forces are exerted on human bones which 
exceeds the strength of the osseous tissue in bone. Orthopedic biomaterials are implanted into a 
bone fracture to aid the healing process or serve as bone tissue, the fractured bone may be fixed by 
metals connected to another bone; after the healing process, the metal pins are removed. In most 
cases, another operation will have to be performed on the region where the injury occur to join 
together the bone pieces with nails, wires or metal screw[2]. Most times, these metallic implants 
are left in the body even after the healing process of the bone is completed, these implants may be 
infectious as a result of the degradation of the implant in the human body[3]. Adaptability to 
environment and good corrosion resistance of implanted metals are of major concern in the 
development of orthopedic surgeries. Aside these factors, an adequate mechanical strength to 
overcome biomechanical forces are expected of these implanted materials. Mechanical properties 
such as elastic modulus, tensile strength, yield strength and hardness are highly essential. Good wear 
and corrosion resistance are also other properties which are important in implant materials[4]. 
Three major types of implant materials are ceramic, metallic and polymeric materials. 
Orthopedic implants have been majorly based on metallic materials due to their mechanical strength. 
The major implant metals used are titanium alloy, stainless steel and cobalt-chromium alloy[5]. 
However, these materials are non-degradable in the human body which is a major challenge, another 
surgical operation has to be performed to remove the implanted metals after the healing process of 
the bone has taken place. This challenge has led researchers to focus on developing a biodegradable, 
high strength and low density material. One material that may overcome this drawback is 
Magnesium (Mg) and its alloy, recent studies reveal that magnesium alloy is found degradable in 
human body [6]. This characteristic of magnesium has made it useful and given it more consideration 
for medical implant materials. Magnesium alloys have better mechanical and biodegradable 
properties and shows good strength to weight ratio when compared with polymer materials that are 
biodegradable. Mg alloys show similarity to human bones in terms of density and modulus, and 
shielding of implants may be reduced when used as implant materials [7]. However, they corrode 
easily and very difficult to process, a better biocompatibility is also needed, although they are 
lighter than most medical metal [8], [9]. Some of their real applications in clinics are shown in 
Figure 1. 
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Figure 1: Real applications of biodegradable magnesium alloy: (a) Orthopedic implants, 
(b) Coronary Stent, (c) MAGNEZIX screw [10] 
 
The Magnesium alloy screws are used basically for unload-bearing positions in clinic, 
however, tensile strength and other mechanical properties have limited the use of this metal, the 
major application of the Mg alloy bone screw is to fasten the bone plate, which is done by generating 
tensile stress along the screw length. Therefore, the mechanical integrity of the magnesium alloy 
implants in human body is very important in cardiovascular surgeries and fixation of fractures. 
Magnesium and its alloys have been widely studied, one of the lightest metal known is Mg. It has 
been proven in engineering that they possess good creep resistance, high ductility and high specific 
strength [11]. However, when implanted in vivo, it is required of Mg alloys to have good corrosion 
resistance, good biocompatibility and high tensile strength as a biodegradable material [12]. A 
surface modification method such as friction stir processing may give clues in improving the 
mechanical and degradable properties of Magnesium alloy 
Friction Stir Processing (FSP), which implement same principle as Friction Stir Welding 
(FSW) is one of the techniques employed to produce metal matrix composites (MMCs), and it 
overcome limitations such as agglomeration of particles and porosity in metal matrix [13]. In FSP, a 
rotating tool is plunged inside the work piece causing the metal to deform plastically, the tool 
shoulder which is in contact with the surface of the work piece generates heat and deforms the work 
piece as the tool rotates with a specific tool transverse speed. A lot of studies have investigated the 
use of FSP to fabricate metal matrix composite[14][15]. Reinforcements have also been added to base 
metal to improve strength, wear performance, resistance to corrosion and hardness by numerous 
studies [16][17]. In this study, multi-pass friction stir processing were employed on AZ31 
magnesium alloy to study the effect of reinforcements on the mechanical properties and 
biodegradation in Mg alloys. The reinforcements used are Palm Kernel Shell ash, 304 Stainless steel, 
fly ash and Ti-6Al-4V powder. These reinforcements have been used in various studies to improve 
mechanical properties of different alloys, Ti-6Al-4V has been used for applications in biomedical 
implants owing to its biocompatibility properties, and ability to resist body-fluid attack, and to 
become predominantly attached to the tissues of the human body[18]. V. Kondaiah et al investigated 
the microstructural and hardness effect of fly ash as a reinforcement to AZ31 alloy, it was concluded 
that the particle improved the hardness of the composite[19]. For Implant materials, corrosion 
resistance and tensile strength are of outmost importance, some major properties of 304 Stainless 
steel are higher corrosion resistance and higher strength and hardness[20]. Therefore, the four 
reinforcement particles used in this study are chosen due to their peculiar characteristics as 
investigated by many studies. Despite the potentials in reinforced Magnesium and its alloys, as far 
as the authors know, there is no published literature that compares the reinforcements used in this 
study. The method employed and results obtained are presented in detail. 
 
 
Experimental Setup 
Commercially available AZ31 magnesium alloy with sheet thickness of 5 mm were chosen for the 
tests, its chemical compositions and mechanical properties are listed in Table 1. The reinforcements 
used were Palm kernel shell ash (PKSA), fly ash, 304 stainless steel powder and Ti-6Al-4V. The 
powders were characterized using a Particle Size Analyzer and their average particle size were found 
to be 59.75 μm, 69.26 μm, 57.14 μm and 65.23 μm respectively. Their chemical properties are 
shown in Table 2. 
Table 1: Chemical composition and mechanical properties of AZ31 magnesium alloy 
Chemical compostion/wt-% Mechanical properties 
Al Zn Mn Si Fe Cu Ni 
Mg 
Tensile Strength Elongation 
Hardness 
3.1 0.9 0.2 0.1 0.005  0.005 0.005 
Balance 
260MPa 15% 
59HV 
 Table 2: Chemical composition of all reinforcements in wt (%) 
304 Stainless Steel Cr Ni Mn  N  Si  Fe 
18  8 2 0.10 0.75 Balance
Ti-6Al-4V Al  Ti  Mo  Cr Si 
6.02 88.45 3.13 2.10 0.31 
Fly Ash SiO2 Al2O3 Fe2O3 CaO 
35.22 27.40 30.80 6.81 
Palm Kernel Shell 
Ash(PKSA) 
SiO2 Al2O3 Fe2O3 MgO  CaO 
20.00  6.00  3.00 4.21 63.00 
 
 
Grooves were made on the Magnesium alloy and 20% volume of each reinforcing particles 
were deposited into different grooves. The AZ31 alloy sheet of 5mm thickness were subjected to 
multi pass FSP. The tests were done with a constant tool rotational speed of 1200 rpm, 10 mm/min 
plunge speed and a traverse speed of 30mm/min. Studies show that to successfully reinforce metals 
during FSP and ensure even dispersion of particles, at least 3-passes should be employed[21]. 
Therefore, three cumulative passes were employed on the sheet with 100% overlap. The FSP tool 
used for the process was made of H13 steel; it has a shoulder diameter of 20 mm, same pin length 
and width of 4mm as presented in Figure 2a. Figure 2b show the crown appearance of the processed 
Magnesium sheet. 
) (b) 
Figure 2: (a) FSP tool used (b) Crown appearance of the specimen after one pass 
showing macrostructural defects. 
 
To study the microstructure refinement in the Stir Zone (SZ), metallographic samples were 
examined with both Optical microscopy (OM) and Scanning Electron Microscope (SEM). The 
samples were cut along the cross-section of the processed magnesium sheets, then ground down and 
polished using standard metallography method[22]. Vickers microhardness tests were done using a 
digital microhardness tester in accordance with ASTM E92-82 standard[23]. The samples were hot 
mounted in thermoset resin and subsequently polished to a mirror-like finishing. Test were done by 
employing dwell time of 15 seconds and load of 300KN. The distance between two consecutive 
indentations was set at (2-REV = 1mm), twenty five (25) different lines of indentations were made at 
the stir zones from the top to the bottom surface of the sample. Tensile tests were carried out by 
using an electronic tensile machine with 2.0×10−3 s−1 strain rate and test conducted at room 
temperature of (25 ºC).Tensile samples were prepared as per ASTM standard E8/E8M- 11[24] as 
shown in Figure 3a and the fractured samples after the processed has been conducted are shown in 
Figure 3b. 
 
 
(a) (b) 
Figure 3: (a) Dimension of specimen for tensile test (b) Fractured samples after Test 
 
 
Sodium Chloride (NaCl) which is also known as salt, is an essential compound found in 
human body to absorb and transport nutrients. Samples were cold mounted, then ground down and 
Potentiodynamic polarization measurement was recorded in 3.5 weight percentage of NaCl solution. 
The electrochemical tests were carried out by using a Parstat 4000 model potentiostat which is 
controlled by a computer with a software that analyses corrosion. 1 mV/s was chosen as the scanning 
rate. The open circuit potentials (OCP) was determined after 3600 secs of immersion periods, 
subsequent immersion time of 24hrs and 720hours were examined to determine the corrosion rate 
of samples after 30days. The wear resistance tests of all samples were carried out using pin-on-disc 
tests. Tests were carried out on the stir zone of the samples. Some parameters were constant during 
the wear test, such as 5mm pin length; 6mm pin diameter; average hardness of steel equals 60HV; 
surface roughness put at 0.2 μm; 100Hz as rate of acquisition; 4.19cm/s sliding speed; sliding 
distance at 1000m, 50% relative humidity, test done at room temperature (25oC) and applied load of 
20N. Before conducting the wear tests, samples were ground down with 1000 micron silicon paper. 
The mass loss of the composite samples were measured with Profilometer, and Dalton software was 
used to compute the friction performance. 
 
 
Results and Discussion 
 
Microstructural Observations 
After three cumulative passes, the microstructure of the composites were observed with Optical 
microscope (OM) and Scanning electron microscope (SEM). The microstructures of the processed 
zone of all the samples are presented in Figure 4. No defects are seen in the microstructure of all 
reinforced composites, the particles were evenly distributed. As the passes increase, the grains are 
expected to be more refined[25]. 
It is evident from the microstructural analysis of the SEM images that the coarse Magnesium 
dendrites and the reinforcing powders were broken down via multi pass friction stir processing and 
the particles were evenly distributed in the matrix as seen in Figure 5 (a) to (d), No agglomeration of 
particles nor potholes are observed in the microstructure after three cumulative passes. The stir zone 
of all samples are characterized by fine recrystallized grains, the stirring effects of several FSP 
passes cause severe plastic deformation. From the SEM images, it could be inferred that the 
Magnesium sample reinforced with the 304 stainless steel produced the finest grains when compared 
to others as shown in Figure 5 c. 
 Figure 4: Optical Micrograph of various fabricated composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
(c) (d)  
Figure 5: SEM images of fabricated samples, (a) PKSA, (b) Ti-6Al-4V, (c) 304 Stainless   Steel, 
(d) Fly Ash 
 
 
Hardness and Tensile Properties 
The hardness measurements of all samples were examined at the stir zone, three measurement were 
taken  for each sample and the  average hardness  results of  all    reinforced  samples  were reported 
as shown in Table 3. The result reveals that the hardness performance of AZ31 Magnesium is greatly 
enhanced by the addition of reinforcement particles. This can be attributed to the strong bond 
between the matrix and powders leading to an increase in the hardness values. 304 Stainless 
reinforced composite exhibits highest hardness of 95.25HV, which shows 62% increment in 
hardness in comparison with the parent material - AZ31 Mg. Higher hardness observed with the 
fabricated composites are due to the size and grain distribution of the particles within the matrix. 
The microhardness profile of all reinforced samples are presented in Figure 6, which reveals that the 
stir zone where the particles were deposited has the highest hardness values for all samples. 
Table 3: Average Hardness Values of Specimen 
Composites Hardness Value 
(HV) 
304 Stainless steel/ AZ31 Mg 95.23 
Fly Ash/ AZ31 Mg 62.14 
Ti-62222/Az31 Mg 77.56 
PKSA/AZ31 Mg 75.3 
 
Figure 6: Microhardness profile of composite samples 
 
Figure 7 presents the load-displacement curve of all composite samples. Yield strength, 
tensile strength and percentage elongation of fabricated samples were examined and the results of 
the tensile tests are represented in Table 4. During FSP, different zones deform in a different way 
which produced localized strain, hence causing fracture to take place in the area with the maximum 
strain localization [26]. The alloy type and reinforcement type are the major determinant of the site 
where tensile fracture occurs as investigated by some recent studies [27], [28].Three samples for 
each specimen were used for the test and the average values were reported. From these tensile 
results, it can be said that the fabricated FSP specimen reinforced with 304 Stainless steel powder 
exhibits better tensile property in comparison with the rest. Although, the elongation is almost same 
for all composite samples except for the fly ash reinforced sample. The fluctuating waves seen with 
the fly ash reinforced samples in Figure 7 could be as a result of the morphology of the fly ash 
particles, reinforcement particles sometimes act as inclusion and impurities in the matrix[29]. Grain 
refinement also have effect on the tensile properties, and fly ash: owing to its tendency to cluster 
together at grain boundaries as observed with the SEM image: exhibit the least grain refinement 
when compared to other reinforcement particles. 304 Stainless steel which has highest tensile 
strength could be seen as a best reinforcing material to Mg alloy among the reinforcements used in 
this study. 
 
Figure 7: Load- Displacement curves of fabricated composites 
 
 
Table 4. Tensile properties of composites. 
Composites Yield strength (MPa) Tensile Strength (MPa) Elongation (%)
FlyAsh/AZ31 Mg 59.14 268.52 31.00 
PKSA/ AZ31 Mg 64.36 281.71 70.34 
Ti-6Al-4V/   AZ31 
Mg 
89.92 305.54 70.47 
304 Stainless 
Steel/ AZ31 Mg 
105.86 454.18 71.56 
 
 
 
Corrosion Performance of Reinforced Samples 
The potentiodynamic polarization curves of the reinforced samples are presented in Figure 8.Tafel 
extrapolation was used to calculate the current density(icorr) and the corrosion potentials (Ecorr) as 
shown in Table 5. The values of the corrosion current density (icorr) can be used to calculate the 
rate of corrosion of the reinforced samples using the following equation [30]: 
ܥ݋ݎݎ݋ݏ݅݋݊	ܴܽݐ݁	ሺ݉݉/ݕ݁ܽݎሻ	ൌ		ߣ.	݅ܿ݋ݎݎ.	ሺܣ.	ܹ.	ሻ/݀.	
ܹ݄݁ݎ݁;			ൌ		3.27	ൈ	10	െ	3ሺ݉݉.	݃ሻ/ሺ݉ܣ.	ܿ݉.	ݕ݁ܽݎሻ	݅ݏ	ܽ	݉݁ݐݎ݅ܿ	ܿ݋݊ݒ݁ݎݏ݅݋݊	݂ܽܿݐ݋ݎ	
ܣ.	ܹ.	ൌ	ܣݐ݋݉݅ܿ	ܹ݄݁݅݃ݐ	݋݂	ܯܽ݃݊݁ݏ݅ݑ݉	
݀	ൌ		݁݊ݏ݅ݐݕ	ሺ݃/ܿ݉3ሻ	
The polarization curves of the four samples are non-symmetrical, the cathodic branches of 
the samples exhibit much steeper changes when compared with their anodic branches. However, 
similar pattern is observed with the anodic and cathodic reaction kinetics, 304 Stainless Steel 
fabricated sample shows a moderate increase in corrosion current in comparison with other 
reinforced samples in the cathodic side, however, higher current density of the 304 Stainless steel 
sample is observed with the anodic side. This trend results in a more positive potential in the 
Stainless steel reinforced sample than the rest of the composites. The highest rate of corrosion is 
seen with the fly ash reinforced samples as represented in Table 5, owing to the tendency of Fly ash 
powders to cluster together on grain boundaries as observed by SEM. 
It can be said that addition of reinforcements to Mg alloys improve not only the chemical, 
physical and mechanical properties; but enhance the corrosion performance of the material as well. 
From literature, the corrosion rate of AZ31 Mg is seen to range from 0.732 to 0.940[31], [32]. 
However with reinforcing particles used in this study, the AZ31 Mg alloy experience an improved 
corrosion resistance. The samples with the highest resistance to corrosion is seen with the least rate 
of corrosion of 0.2020 mm/year experienced by the Stainless steel reinforced sample. Ti-6Al- 4V 
sample exhibits the lowest corrosion resistance (i.e highest corrosion rate) 
 
Figure 8: Potentiodynamic polarization curves 
 
Table 5: Corrosion rate of composite samples 
Materials OC potential (V) Corrosion rate (mm/year)
Fly ash/ AZ31 Mg  ‐1.5345 0.2421
PKSA/AZ31 Mg  ‐1.4266 0.2696
304 Stainless Steel/ AZ31 Mg  ‐1.5876 0.2020
Ti‐6Al‐4V/ AZ31 Mg  ‐1.4934 0.4771
 
The weight loss of all composite samples were measured after different periods of 
immersions (1hours, 24 hours, and 720hours) and the results are presented in Figure 9. As the 
immersion time increases, the corrosion resistance of the fabricated Ti-6Al-4V sample is greatly 
reduced. However, after 720hrs (30days), the corrosion performance of the 304 Stainless Steel 
sample is seen to be the highest, with weight loss of 5.5mg/cm2. This observation shows that Mg 
alloy reinforced with Stainless steel have long time corrosion performance, and the Ti-6Al- 
4V/AZ31 Mg based alloy possess good potential required in orthopedic application where the 
implanted metal becomes degradable after a period of time. This observation could further increase 
the usability of Mg alloys for medical applications. 
 
Figure 9: Weight loss of all samples 
 
 
Wear and Friction Performance of all Samples 
The wear and friction behavior of AZ31 Mg shows to be improved with the addition of 
reinforcements, the wear performance of the samples follow similar trend as the hardness results. 
The wear resistance were examined using pin-on-disc tests. Tests were carried out on the stir zone of 
the samples, with 4.19cm/s sliding speed; sliding distance at 1000m and applied load of 20N was 
used. The friction coefficient of all samples after three cumulative passes are presented in Figure 
10, PKSA and Fly ash reinforced samples show high fluctuation. Whereas, the coefficient of friction 
of the 304 stainless steel and Ti-6Al-4V reinforced specimens show stable and lower friction. These 
observations show that the magnesium alloy can exhibit a longer service life when reinforced with 
304 stainless steel and Ti-6Al-4V. Figure 11 presents the average friction coefficient of all 
composite samples and the parent material. The sample with the best friction performance is seen 
to be stainless steel reinforced sample, which also has a better hardness and finer grains in 
comparison with other reinforced samples. From Figure 11, the coefficient of friction of the 304 
Stainless steel reinforced sample shows to be 71% lower than the unreinforced AZ31 Mg alloy. 
Wear and friction performance, which are important factors for implants materials used in clinic can 
be improved by the addition of reinforcements to the magnesium alloy. 
 Figure 10: Friction behavior of all composite samples 
 Figure 11: Average coefficient of friction of composite samples and AZ31 Mg 
 
Conclusions 
1. Reinforcement is a viable method to enhance the mechanical and biodegradable properties 
of magnesium alloys, the new alloys produced in this study shows higher mechanical 
properties of magnesium alloys. The surface modification technique used in this study give 
some clues not only to enhance the corrosion resistance of magnesium alloy but also to 
obtain desirable blood compatibility. 
2. Ti-6Al-4V/AZ31 Mg based alloy has a good potential to be used in orthopedic application, 
the mechanical properties of the Ti-6Al-4V/AZ31 Mg, with initial tensile strength of 
305.54MPa, yield strength of 89.92 MPa and 70.47% elongation , degraded drastically to 
210 MPa, 72.4 MPa,  and 32.1% accordingly after 30days of immersion in NaCl solution. 
3. Corrosion rate of AZ31 Mg decreased after reinforcing particles are added. The 304 
stainless steel fabricated samples exhibit the highest corrosion resistance, which may 
expand potential applications in biomaterials and biomedical devices such as wound 
closing devices and other medical equipment where corrosion resistance is paramount. 
4. In addition, with the recent development of magnesium alloys in medical area, many 
potential products may spring forth. The Mg alloy reinforced with 304 stainless steel 
powder, which offer good tensile strength, higher hardness, high corrosion resistance and 
better friction performance may be used for some medical applications. This will further 
broaden the usability of magnesium alloys. 
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